We studied the effect of a -y-aminobutyric acid (GABA)-A receptor-induced postsynaptic inhibition on regional CBF (rCBF) in awake humans. For this purpose we used a new specific GABA-A agonist, 4,5,6,7-tetrahy droisoxazolo(5,4)-pyridin-3-o1 (THIP). As part of a new diagnostic procedure for the determination of which hemisphere subserved language, THIP was infused into
the internal carotid artery 20 s before measurement of the rCBF. Administered by this route the THIP is distributed to the neocortex and neostriatum. THIP induced a dosage-dependent decrease of the rCBF. The rCBF de crease was not due to any direct effect on the cerebral vessels. The efficiency of the THIP-induced postsynaptic inhibition was tested by having the subjects voluntarily activate the inhibited cortex. During submaximal inhibi tion the subjects were able voluntarily to counteract de-Tr aditionally sodium amy tal has been used for determination of cerebral hemispheric dominance (W ada, 1949) . The injected solution is strongly basic (pR 11) and irritates the vessels. Diazepam and other benzodiazepine derivatives are not water soluble and their solvent, propy\eneglycol, also irri tates the vessels. It would be desirable to use a nonirritative pharmacological agent for the determi nation of hemispheric dominance. Rere we report the use of the water-soluble -y-aminobutyric acid (G ABA)-A agonist 4,S,6,7-tetrahydroisoxazolo (S,4 )-pyridin-3-01 (T RIP) for intracarotid injection in tests for hemispheric dominance.
The intracarotid injection procedure gave us the opportunity to measure the regional CBF (rCBF) in the cortex of the injected hemisphere and study the relation between rCBF, TRIP-induced postsyn-creases of rCBF in superior frontal cortex and motor cortex. Larger doses of THIP abolished this response and depressed the rCBF to baseline levels (20 mlilOO g/min). This was associated with lO-min total depression of function of the anterior two-thirds of the injected hemi sphere. An analysis of the changes of rCBF in activated and nonactivated cortex-with and without THIP -in duced inhibition-showed that it would be very unlikely that average increases in synaptic inhibition would in crease rCBF in neocortical areas. Intracarotid injection of the water-soluble, nonirritative THIP is a very useful alternative to sodium amy tal injection for determination of hemispheric dominance. Key Words: -y-Aminobutyric acid-A agonist-Cerebral cortex-Hemisphere domi nance test-Postsynaptic inhibition-Regional cerebral blood flow.
aptic inhibition, and cortical function under condi tions where the subjects were trying to activate their brain by performing a hemisphere dominance test.
The GAB A agonist TRIP binds selectively to medium-high-affinity sites on the postsynaptic GABA-A receptor sites (Falch and Krogsgaard Larsen, 1982) . On the receptor TRIP induces a hy perpolarizing inhibitory postsynaptic potential (lPSP) by increasing the membrane conductance to Cl- (Barker and Mathers, 198 1; Alger and Nicholl, 1982) . Specifically, TRIP has no affinity for GABA uptake sites, extrasynaptic receptors, or depolar izing receptor sites (Schousboe et aI., 1979; Alger and Nicholl, 1982) . The binding to the receptor is stable for 1 h (Falch and Krogsgaard-Larsen, 1982) . TRIP is water soluble, and has a pR of 6.S in aqueous solution, a pKal of 4.4, and a pKa2 of 8.S (Krogsgaard-Larsen and Christensen, 1980) . In contrast to muscimol, it is not metabolized and passes easily across the blood-brain barrier 198 1; Schultz et aI., 198 1) .
Since the effect of the postsynaptic inhibition on cortical metabolism and rCBF is dependent on the neuronal circuitry as well as the efficiency of the local inhibitory synapses, one cannot predict the changes in rCBF induced by physiological activa tion of an inhibited hemisphere. The purpose of the present experiments was to examine the changes in rCBF caused by THIP-induced postsynaptic cor tical inhibition in subjects trying to activate selec tive parts of the inhibited cortex.
The results showed that THIP-induced postsyn aptic inhibition decreased the cortical blood flow markedly in nonactivated areas in a dosage-depen dent manner. During submaximal inhibition the de pression of the rCBF in areas participating in the hemisphere dominance task could be counteracted by the physiological activation initiated by the sub jects themselves.
METHODS

Subjects
Eight subjects from 15 to 49 years old participated. All had temporal lobe epilepsy. They were referred for pre operative evaluation prior to temporal lobe surgery. The evaluation included carotid angiography, computerized tomography (CT) of the brain, determination of hemi spheric dominance, and measurement of rCBF. All sub jects included had a normal angiogram and normal rCBF during rest. Their CT scans were normaL except for minor dilatation of one temporal horn of the lateral ven tricle in two subjects. During the rest rCBF measure ments the EEG had no paroxystic activity. None of the subjects had any clinical seizures within 24 h prior to the investigation nor during the rCBF measurements or ad ministration of THIP. The subjects all received their normal antiepileptic medication: phenytoin, carbamaze pine, or ethosuximide. The blood levels of these drugs were within therapeutic ranges. Six left, dominant hemi spheres and two right, nondominant hemispheres were included in which the only abnormality was interictal 3-5 slow waves most likely originating from a focus in the opposite hemisphere.
reBF meas urem ents
The method, the equipment, and the procedures for rCBF measurements with the intracarotid I33Xe injection technique have been described extensively in earlier pub lications (Lassen and Ingvar, 1963; Roland and Larsen, 1976; Sveinsdottir et a!., 1977) . The rCBF was calculated by the initial slope method (Olesen et a!., 1971) . The ste reotaxic localization of rCBF changes was described ex tensively by . The rCBF was measured in 254 cortical regions in each hemisphere under four conditions: rest, physiological activation alone-the hemisphere dominance test, the hemisphere dominance test combined with intracarotid infusion of 5 mg THIP, and the hemisphere dominance test combined with infusion of 10 mg THIP. Changes in rCBF between the four measurements due to differences in arterial Pco2 were corrected by 4%/mm Hg (Olesen et a!., 1971) . During rest the subjects eyes were closed and their ears plugged. They were awake, supine. and relaxed (Roland and Larsen, 1976; .
Phys iol ogical activation: the hem is phere dom inance tes t
The subjects were lying on a couch with their eyes open and their right arm stretched if the left hemisphere was tested or vice versa. They were making continuous piano-playing movements with the tingers of the arm that was stretched. Simultaneously, they were in succession (a) reciting the months of the year; (b) naming the fol lowing objects shown to them in a randomized order watch, toothbrush, key, eraser, glasses; (c) repeating "kob kaffen her" ("buy the coffee here") and "Ring kobing Amtstidende" (name of a provincial newspaper); (d) on request pointing with the arm ipsilateral to the hemisphere that was tested to a clothespin, a dime, a screw, a match, and a fuse, shown to them in randomized order. Thereafter they were again requested to recite the months of the year and so on such that procedures a-d were repeated. The time allocated for these four proce dures was 24 s. In this way each subject did two full runs during the 42 s it took to measure the rCBF. Thus, during the 42 s, 100% of the time was allocated to voluntary motor activity with the arm and fingers, 80% was allo cated to speech, 20% to pointing; 14% to repeating, 29% to naming, and 38% to reciting; or put in another way, the subjects were verbally stimulated from an external source 20% of the time, they had to comprehend lan guage 20% of the time, they had to produce language 80% of the time, and they were specifically visually stimulated 50% of the time. If the subjects had troubles, they were prompted either visually or verbally, e.g., with the name of the first month or with gestures accompanied by "what is it?" The purpose of this rather complex test was to be able to monitor the motor and main language func tions continuously in the interval immediately after the injection of THIP.
The EEG was recorded with needle electrodes posi tioned according to the international 10:20 system and bi polar montage. The EEG recording was used to evaluate any focal abnormalities to determine the onset of the ef fect of THIP on the cortex. The frequency decrease ob tained after THIP -induced inhibition is presumably a very crude index of the degree of inhibition (Stockard and Bickford, 1981) .
Route of ad m inis tration for THIP
THIP dissolved in 5 ml of physiological saline (pH 6.8) was injected through the internal carotid catheter. The injection took 2 s. The tip of the catheter was placed in the siphon of the internal carotid artery. Administered in this way the THIP is distributed to the part of the cere bral hemisphere that is supplied by the internal carotid artery and its branches: the anterior hypothalamus, the capsula interna, the putamen, the caput and corpus of the caudate nucleus, and the anterior three-fourths of the ce rebral cortex and underlying white matter (Mettler et a!., 1956; Salmon and Lazorthes, 1971 ). The globus pallidus and posterior inferior temporal cortex are in the water shed area between the middle cerebral artery and the branches from the basilar artery. Normally the thalamus and medial globus pallidus do not receive blood from the carotid system (Foix and Hillemand, 1925; Galloway and Greitz. 1960) .
The distribution of THIP in the hemisphere was esti mated from a detailed analysis of the angiogram where all branches were identified. The injection pressure of the contrast was approximately three times greater than the injection pressure of TRIP. Furthermore, the contrast was injected through a needle having a caliber three times larger than that of the polyethylene catheter. All subjects included had no contrast filling of the posterior communi cating artery, the posterior cerebral artery, or the poste rior choroidal arteries. In addition, the initial distribution of isotope was checked for any signs of isotope transport to domains belonging to the posterior cerebral arteries. Finally, none of the subjects included had any visual field defects after the injection of TRIP. Two subjects had contrast distribution through both anterior cerebral ar teries. Thus, the rationale behind this way of administra tion and angiographic control was to obtain a distribution of TRIP to the anterior three-fourths of the cerebral cortex, such that the influence of postsynaptic inhibition on cortex could be studied. Admittedly the TRIP also reached the neostriatum and claustrum, but since the basal ganglia have no direct efferents to the cortex (Kim et aI. , 1976) , inhibition of cortex could be studied in quasi-isolation.
RESULTS
The only side effects from intracarotid injection of 10 mg THIP were occasionally a few-two to five-myoclonic jerks in the extremities ipsilateral to the injection (see also Meldrum et aI., 1980) . In all four conditions the rCBF was measured over a period of 42 s (Fig. l) . The rCBFs obtained during the three experimental conditions were then compared with the rCBF obtained during the con trol measurement, rest ( Fig. 3) . Figure 3 shows the average distribution of the rCBF changes obtained during each of the three experimental conditions. The hemisphere dominance test showed that all left hemispheres included had full language representa tion, and the two right hemispheres had no lan guage representation.
Phys iol ogical activation: the hem is phere dom inance tes t
The changes in rCBF provoked by the hemi sphere dominance test are shown in the top row of Fig. 1 . Throughout the 48 s, the subjects stretched their arm and moved their fingers on the contralat eral side. In accordance with this motor activity, the rCBF increased strongly in the motor area of the arm and hand ( Fig. 1 A and C) . In 80% of the 48 s, the subjects were speaking and another strong increase was seen in the motor area of the mouth ( Fig. lA and C) . In addition, increases of rCBF, probably also related to the speaking and the finger movements, appeared in the supplementary motor area ( Fig. 3 ; Ta bles 1 and 2). The pointing with the ipsilateral arm could have contributed to the rCBF increases in the supplementary motor areas and the increase in the intraparietal region (Roland et aI., 1980) . In 50% of the 42 s, the subjects were visually stimulated and either naming or pointing to objects shown to them. This might have contributed to the rCBF increases in the posterior parts of the hemi sphere as well as to the increase in the posterior part of the intraparietal cortex ( Figs. 1 and 3) . These increases plus the rCBF increase in the right anterior midfrontal cortex were in accordance with the patterns seen during other types of visual stimu lation (R oland and SkinhOj, 1981) .
In 80% of the time, the subjects produced lan guage. They recited the months of the year, they repeated small sentences, they named objects shown to them. The increases of rCBF in the supe rior prefrontal cortex, Br oca's area, and anterior intermediate prefrontal cortex probably reflect these activities (Roland et aI., 1985) . The rCBF did not change in the left auditory area. One reason might be that the external verbal stimulation occu pied only some 20% of the total measurement time. Another reason might be that subjects do not ordi narily listen to their own propositional speech (R o land et aI., 1985) . The activation of the anterior su perior prefrontal cortex was expected since this re gion is always activated when subjects perform tasks following an instruction (R oland, 1985) . Values are means ± SD, expressed as ml/lOO g/min, n = 6. THIP, 4,5,6,7-tetrahydroisoxazolo(5,4)-pyridin-3-ol; HDT, hemisphere dominance test; i.c., incarotid adminstration. a p < 0.025. b P < 0.005. brains such that they could perform all aspects of the hemisphere dominance test: naming, reciting, repetition, and pointing plus the motor activities.
Compared with the rCBF at rest, injection of 5 mg TRIP intracarotidally decreased the rCBF in the midfrontal cortex, the inferior frontal cortex, the parietal cortex, and the temporal cortex ( Fig. 1  B and D; Ta bles 1 and 2) . The areas in which the rCBF decreased were those not activated during the hemisphere dominance test. The rCBF was ei ther unaltered or increased in the motor areas (Figs. IB and D and 3, top right and center right). The EEG from the injected hemisphere showed dif fuse 1-to 2-Rz rhythmic slow waves as early as 6 s after the start of the injection (Fig. 2) .
When the rCBF pattern obtained after injection of 5 mg TRIP was compared with that obtained during physiological activation alone, it was ap parent that the two patterns were almost identical (Fig. 3) . The only differences were that rCBF in the motor region and the superior prefrontal cortex was a little higher after injection of 5 mg TRIP than to J Cereb Blood Flow Metab, Vol. 8, No.3, 1988 be expected if TRIP caused a uniform reduction of rCBF in all cortical areas (Fig. I) .
Injection of 10 mg TRIP intracarotidally de creased the rCBF to 20-30 mll IOO g/min ( Fig. I B  and D) . The rCBF in the frontal mesiolateral cor tical transition zone was a little higher in some cases (Fig. ID) . Otherwise the rCBF was uniformly depressed in the cortex of the injected hemisphere ( Figs. 1 and 3) . The EEG, correspondingly, showed lack of cortical activity from the injected hemi sphere (b urst-suppression EEG: Fig. 2) .
The TRIP -induced postsynaptic inhibition thus decreased the rCBF in a dosage-dependent manner in the cortical areas that were not activated (Fig. 3) . At medium levels of postsynaptic inhibition, the subjects could counteract the rCBF decrease in motor regions and the right superior frontal and su perior parietal cortical regions by activating these cortical areas. After full postsynaptic inhibition this was no longer possible (Fig. 3) . Compared with the rCBF pattern obtained with physiological activa tion alone, the rCBF in the left hemisphere dropped S5 15
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Values are expressed as mlllOO glmin, n = 2. For abbreviations see Table I . a Range> 11 ml1100 g/min.
almost linearly in each cortical region after the ad ministration of 5 and 10 mg THIP ( Table I) . The right hemisphere group (Table 2) comprised only two subjects who on average had slightly more moderate depressions of rCB F. The dosage-dependent decrease of rCBF was not due to any effect of THIP on the cerebral vessels. First, the amount and distribution of isotope that reached the hemisphere 2 s after the start of the injection were unaltered after administration of THIP. (The THIP was injected 20 s prior to the iso tope.) Second, from the signals of the detectors overlying the major arteries, it was seen that the isotope passage through the arteries was unaltered after THIP administration. Third, the time needed for a homogeneous distribution of the isotope in the hemisphere was unaltered after THIP administra tion (Fig. IE) . We observed no systematic changes in arterial Pco2 after THIP administration.
Behavioral effects from intracarotid injection ofTHIP After injection of 5 mg THIP, the motor functions of the injected hemisphere were clearly impaired: The arm was weakened, the movements were slow, and the consonants of the spoken words were slightly indistinct. If the dominant hemisphere was injected, the subjects had naming difficulties.
Following injection of 10 mg THIP, the motor and the language functions of the hemisphere were an nihilated: The subjects had contralateral paralysis and an eventual total global aphasia. The EEG of the injected hemisphere showed no cortical activity (Fig. 2) . The motor and language functions of the uninjected contralateral hemisphere were totally unaffected. The subjects could, when asked or shown how to do so, elevate the arm contralateral to the uninjected hemisphere and also move their eyes in the direction of the objects shown to them. In the case that the dominant hemisphere was in jected, the subjects tried to intonate although they were aphasic.
When a 100% dominant hemisphere was injected, the subject became totally and globally aphasic 5-7 s after the start of the injection. At the same time, the arm, fingers, and contralateral side of the face, of 5 mg 4,5,6,7-tetrahydroisoxazolo(5,4)-pyridin-3-ol (THIP) in case 502. Six seconds after the start of the injection, there ap peared left-sided synchronous, rhythmic, often diphasic 0.5-to 2.5-Hz slow waves spreading to the right prefrontal region.
Amplitudes: 200-250 fJ-V. B: One hundred seconds later, same subject, who at that point was slightly paretic and had trouble naming. Note regular delta waves over the left hemisphere and right prefrontal region. The mean hemispheric blood flow dropped after the injection from 69 to 52 ml/1 00 g/min. C: Synchronous spike-wave complexes over left hemisphere, subsequent suppression of the electrical activity after injection of 10 mg THIP with same subject who at that point was totally and globally aphasic with a right-sided paralysis. Mean hemisphere flow was 29 ml/100 g/min. The paroxysms were accompanied by a few myoclonic jerks in the left side of the body. trunk, and proximal part of the leg became para lytic. The total global aphasia lasted 10-20 min, then word comprehension, repeating, and recita tion of the months gradually recovered. Naming and the ability to explain the meaning of abstract words recovered last. All symptoms of aphasia subsided after 1-1.5 h. The paralysis lasted some 20 min; thereafter there was some weakness and clum siness of fine finger movements lasting maximally 1.5 h. Injection of 10 mg THIP into the carotid artery leading to the nondominant hemisphere produced only the prompt paralysis of the contralateral side. Language was totally unaffected. It was not pos-sible to judge any changes in prosodia because all subjects had a contralateral facial palsy. There was a slight 1-to 4-s hesitation in subjects who had con trast filling of both anterior cerebral arteries.
DIS CUS S ION
The behavioral effects of intracarotid administra tion of different amounts of THIP were closely re lated to the rCBF level in the cortex. In the present study there was no effect of THIP on the cerebral arteries, nor were there any signs of delay in the dis tribution of the isotope in the cerebral hemisphere. This is in accordance with autoradiographic demon strations that THIP easily crosses the blood-brain barrier (K rogsgaard-Larsen et aI., 1981) . Further more, it took maximally 6-7 s after the start of the THIP injection before the EEG changes occurred (Fig. 2) . This also indicated that THIP crossed the blood-brain barrier very rapidly and promptly in hibited the cortical neurons. The effect of THIP on the rCBF took <20 s to be fully developed. The THIP effect on the rCBF, therefore, in the absence of any effect on the vessels, must have been elicited via the brain cells and capillaries. Kelly and McCulloch (1983) found parallel de creases in local glucose metabolism and rCBF in more than 35 different brain structures after sys temic administration of the GABA-A agonist muscimol. They also showed that the decreases in glucose metabolism could be reproduced by using THIP instead of muscimol. The decrease of glucose metabolism in the cerebral cortex was dosage de pendent (Kelly and McCulloch, 1982) . One must therefore assume that the rCBF even after THIP injection reflects the local cortical metabolism, and that the decreases in rCBF induced by THIP in humans reflect the decrease in cortical metabolism caused by the postsynaptic inhibition of the cortical neurons.
From the angiographic studies, the contrast was seen to distribute to cortical, striatal, and anterior hypothalamic vessels. Since the infusion pressure of the contrast was much higher than that of the THIP, it is unlikely that the THIP should have dis tributed to brain regions other than the anterior hy pothalamus, cortex, neostriatum, and hemisphere white matter. Furthermore, there were no visual field defects after injection of lO mg THIP and the uninjected hemisphere was functionally intact. One must therefore assume that THIP inhibited the ce rebral cortex and neostriatum, and that the effect on the rCBF was due to the postsynaptic inhibition of cortical neurons because the striatum has no ef ferents to the cortex (Kim et aI., 1976) .
J Cereb Blood Flow Metab, Vol. 8, No. 3, 1988 Since the external globus pallidus projects to the internal globus pallidus, which again projects to the ventral lateral thalamus, and since the first two neurons in this chain are inhibitory (Delong and Georgopoulos, 1979) , one might suspect that the rCBF increases in the motor areas seen after injec tion of 5 mg THIP could have been caused by disin hibition induced by THIP. This is unlikely because the injection of 10 mg THIP abolished this rCBF increase. Moreover, when injected with 5 mg THIP, the subjects really did move their arm, fingers, and vocal apparatus voluntarily and it is unlikely that such complex movement patterns could have been elicited by a diffuse disinhibition of the ventral thal amus. Furthermore, Kelly and McCulloch (1 984) showed that striatal injection of muscimol in creased the glucose consumption in the internal globus pallidus and the substantia nigra, but de creased the glucose consumption in the ventral lat eral thalamus.
The dosage-dependent decrease in the rCBF of the nonactivated regions of the neocortex in the present study thus confirmed that the findings of Kelly and McCulloch also apply to humans. The new findings were that the rCBF decrease could be counteracted if the subjects voluntarily activated the inhibited cortex and that such an activation was no longer possible after lO mg THIP. Further, 10 mg THIP reduced the cortical rCBF to baseline levels. A rCBF of 20-22 mlllOO g/min in a cortical segment corresponds to the blood flow and metabolism seen during bartiturate coma (H oedt-Rasmussen, 1967; Br odersen and Jorgensen, 1974) . At this level there was no detectable function from the inhibited cortex. This level of CBF of gray matter is asso ciated with what has been called residual metabo lism because all synaptic activity is extinct (Astrup, 1982) . The THIP -induced postsynaptic inhibition was consequently strong enough to wipe out all synaptic energy-demanding processes.
Since the terminals of other putative cortical in hibitory neurotransmitters (s erotonergic, adren ergic, noradrenergic) are not affected by the intra carotid THIP injection, the present data indicate that their contribution to the neocortical metabo lism was negligible. This indicated that the rCBF in the neocortex reflected the local balance between excitation and GABA-A-ergic inhibition. First, the dosage-dependent reduction of the rCBF in the nonactivated regions by THIP indicated that these regions during rest had at least some excitation and that the reduction in rCBF (and metabolism) was due to reduction of excitation through postsynaptic inhibition. Second, for the neocortical areas, the presynaptic plus postsynaptic activity of GABA-A terminals could hardly increase rCB F (a nd local metabolism) because the resulting IP SP s would tend to lower the rCB F by a decrease in regional metabolism due to reduction of excitation. Third, after injection of 5 mg THIP, the voluntary activa tion of the motor areas and superior prefrontal areas kept rCBF in these areas at-or a little above-the resting level. However, compared with the rCBF level in the same cortical areas during the physiological activation by the hemisphere domi nance test (w ithout any THIP injection), the rCBF was less by � 15 mlll00 g/min. Since the THIP is assumed to be distributed uniformly within the in jected neocortex, it should also induce a uniform postsynaptic inhibition in those parts of the cortex. But this difference corresponded well to the IS-mil 100 glmin decrease in the nonactivated areas.
In conclusion, after intracarotid injection TRIP passes quickly over the blood-brain barrier, in hibits the neurons of the neocortex within 6 s, and reduces cortical rCBF in <20 s. There is a close correlation between the rCB F level, the possibility of activating the injected hemisphere, the behav ioral function of the hemisphere, and the amount of TRIP injected. All TRIP-induced effects are fully reversible with 90 min. Since TRIP is a water-sol uble and nonirritating compound, we suggest that it replace the previous vessel-irritating compounds for hemisphere dominance testing. The necessary dosage for hemisphere dominance testing is a little less than 10 mg.
